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Abstract
The cross section of the process e+e− → 3(pi+pi−)pi0 has been measured
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for the first time using a data sample of 56.7 pb−1 collected with the CMD-3
detector at the VEPP-2000 e+e− collider. 632±32 signal events have been
selected in the center-of-mass energy range 1.6 – 2.0 GeV. A study of dy-
namics of seven-pion production allows one to extract contributions of the
dominated 2(pi+pi−)ω and 2(pi+pi−)η intermediate states.
1. Introduction
Production of seven pions in e+e− annihilation has not been studied
before. A partial estimate of the cross section is possible from the BaBar mea-
surement of the cross section of the e+e− → 2(pi+pi−)η, η → γγ [1] reaction,
based on the Initial-State Radiation (ISR) method. Using the well-known
η → pi+pi−pi0 decay rate, a contribution to the seven-pion cross section can
be calculated. As a part of the total hadronic cross section, the cross section
of e+e− → 3(pi+pi−)pi0 is interesting for the calculations of the hadronic con-
tribution to the muon anomalous magnetic moment [2, 3, 4]. The detailed
study of the production dynamics can further improve the accuracy of these
calculations and can help explain energy dependence of the cross section.
In this paper we report the analysis of the data sample based on 56.7
pb−1 of the integrated luminosity collected at the CMD-3 detector in the
1.6-2.0 GeV center-of-mass (c.m.) energy range. These data were collected
in four energy scans, about 50 c.m. energy points each, performed at the
VEPP-2000 e+e− collider [5, 6, 7, 8] in the 2011, 2012 and 2017 experimental
runs. In the 2017 experimental run the beam energy has been monitored by
the back-scattering-laser-light system [9, 10], providing an absolute energy
measurement with better than 0.1 MeV uncertainty in every single measure-
ment. In earlier runs beam energy has been determined using charge track
momenta in detector magnetic field with about 1 MeV uncertainty. Since
the cross section of the process is small, we combine our scanned points into
eight energy intervals as shown in Table 1.
The general-purpose detector CMD-3 has been described in detail else-
where [11]. Its tracking system consists of a cylindrical drift chamber (DC) [12]
and double-layer multiwire proportional Z-chamber, both also used for a trig-
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ger, and both inside a thin (0.2 X0) superconducting solenoid with a field of
1.3 T. The liquid xenon (LXe) barrel calorimeter with a 5.4 X0 thickness has
fine electrode structure, providing 1-2 mm spatial resolution [13], and shares
the cryostat vacuum volume with the superconducting solenoid. The barrel
CsI crystal calorimeter with a thickness of 8.1 X0 is placed outside the LXe
calorimeter, and the end-cap BGO calorimeter with a thickness of 13.4 X0 is
placed inside the solenoid [14]. The luminosity is measured using events of
Bhabha scattering at large angles with about 1% systematic uncertainty [15].
2. Selection of e+e− → 3(pi+pi−)pi0 events
The analysis procedure is based on our study of the six-charged-pion
reaction described in Ref. [18]. Candidate events are required to have six
charged-particle tracks, each one having:
• more than five hits in the DC.
• a momentum is larger than 40 MeV/c.
• a minimum distance from a track to the beam axis in the transverse
plane is less than 0.5 cm.
• a minimum distance from a track to the center of the interaction region
along the beam axis Z is less than 10 cm.
• a polar angle large enough to cross half of the DC radius.
Reconstructed momenta and angles of the tracks for six-track events were
used for further selection.
The analysis strategy is based on the reconstruction of the six-charged-
pion system, assuming a missing pi0 particle. The total energy Etot of the
seven pion final state is calculated from the total momentum Ptot of charged
tracks:
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Figure 1: (a) Scatter plot of the difference between the energy of seven pions and c.m.
energy (∆E) vs total momentum. The line shows the boundary of the applied selection,
where data points are shown by increased circles, and seven-pion signal simulation is shown
by red (in color version) crosses; (b) Projection plot of (a). The solid histograms show the
normalized MC-simulated distribution for the expected seven-pion signal (left peak) and
six-pion background (right peak).
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pi0 .
We do not use calorimeter responce for the photons from the pi0 decay
due to large number of extra soft clusters from the charge pion nuclear in-
teractions. These clusters are not properly reproduced in simulation.
Figure 1(a) shows a scatter plot of the difference between the total energy
and c.m. energy, ∆E = Etot−Ec.m., vs the total momentum Ptot for the six-
track candidates. A clear signal of the e+e− → 3(pi+pi−) reaction is seen in
data as a cluster of dots at ∆E = 135 MeV and the total momentum near
zero. The expected seven-pion signal has the ∆E value near zero, and the
Ptot value is distributed up to 400 MeV/c, as shown by the (red) crosses from
the Monte Carlo (MC) signal simulation. The enlarged (blue) circles show
data in the region where we search for signal events. Figure 1(b) shows the
4
projection plot of (a): circles are for the data and the histograms show the
normalized to data MC-simulated distributions for the seven-pion signal and
six-pion background.
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Figure 2: (a) The difference between the energy of seven pions and c.m. energy (∆E) after
selection by the line in Fig. 1(a). All energy intervals are summed. The histogram shows
the normalized to the data of Fig. 1(b) MC-simulated distribution for the remaining six-
pion background. (b) Example of the fit to the seven-pion signal (solid line) and remaining
background (dashed line) after the six-pion background subtraction. The histogram shows
the expected signal from the MC simulation.
To reduce a contribution from six-pion events, we select events below the
line shown in Fig. 1(a). The ∆E distribution of the event candidates after
selection is shown in Fig. 2(a) by circles, while the histogram shows the re-
maining contribution of the six-pion events. The observed signal of six-pion
events at each energy interval is used to normalize the MC simulation. We
subtract this contribution from the experimental distribution of Fig. 2(a),
and show the result in Fig. 2(b) together with the fit functions used to deter-
mine the number of seven-pion events and remaining background. The signal
line shape is taken from the MC simulation of the seven-pion process, shown
by the histogram, and is well described by the double-Gaussian function. All
parameters of the signal function are fixed according to MC simulation at
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each energy interval except for the number of events and the main Gaus-
sian resolution. A third-order polynomial is used to describe the remaining
background distribution shown by the dashed line in Fig. 2(b).
A variation of the polynomial parameters for the experimental and MC-
simulated signal distributions as well as variation of applied selections lead
to an about 10% uncertainty on the number of signal events, which is taken
as an estimate of the systematic uncertainty. The background contribution
increases with energy, and for the highest energy interval we estimate this
uncertainty as 15%.
We apply this procedure to the event sample in each energy interval, and
in total find 632±32 signal events, corresponding to the process e+e− →
3(pi+pi−)pi0 in the studied energy range. The numbers of selected events
determined in each energy interval are listed in Table 1.
3. First study of the production dynamics
The dynamics of the process e+e− → 3(pi+pi−)pi0 has not been studied
previously. The BaBar Collaboration [1] reported the observation of the
e+e− → 2(pi+pi−)η, η → γγ process, which contributes to seven final-state
pions if the η decays to pi+pi−pi0. We investigate the production mechanisms
using the events in the signal region of Fig. 2(b) using the requirement |∆E| <
60 MeV. Figure 3(a) shows an invariant mass distribution for all pi+pi−pi0
combinations (nine entries per event) for selected events. The signal from
the η meson is clearly seen, as well as presence of the ω(782) resonance in the
intermediate state with the ω → pi+pi−pi0 decay. To obtain the number of
events with η and ω in the intermediate states, we fit this distribution with
the sum of functions describing combinatorial background and the peaks
from the η and the ω signals as shown by the solid curve in Fig. 3(a). Our
resolution is significantly larger than the resonance widths (about 20 MeV),
and we use the Gaussian function for the peaks, while the polynomial function
is used for the combinatorial background (the dashed line in Fig. 3(a)). The
combinatorial background is well described by the MC-simulated distribution
in the phase-space model without any intermediate resonances, shown by
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the histogram in Fig. 3(a). In total, we obtain 280 ± 36 events for the
e+e− → 2(pi+pi−)η, η → pi+pi−pi0 process and 204 ± 37 events for e+e− →
2(pi+pi−)ω, ω → pi+pi−pi0. Note that the total number of the 3(pi+pi−)pi0
events (632 ± 32) exceeds the sum of the events from the η and ω peaks
(484± 52) by about 32%: this is discussed below.
We apply this fit to every energy interval and list the obtained number
of events in Table 1.
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Figure 3: (a) Experimental pi+pi−pi0 invariant mass distribution (nine entries per event)
for the events from the signal peak of Fig. 2(b). The solid line shows the fit functions
describing the signals from η, ω, and the combinatorial background (dashed curve). The
histogram represents MC simulation in the phase-space model. (b) Detection efficiency
obtained from the MC simulation for the 2(pi+pi−)ω model (squares), and for the 2(pi+pi−)η
one (circles) in case of extracting events from the ∆E peak of Fig. 2(b), or from the η
and the ω signals in the three-pion mass distribution (triangles and up-down triangles,
respectively).
We calculate the invariant masses for the combinations of the two (total
charge ±1 or zero), the four (total charge zero), and the five (total charge
zero) pions from the selected events, and find no signal from the ρ(770)
resonance or from any other resonances in our range of the c.m. energies. In
general, all these distributions are well described by the phase-space model.
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4. Detection efficiency
In our experiment, the acceptance of the DC for charged tracks is not
100%, and the detection efficiency depends on the production dynamics of
seven pions. We have developed the primary generators for the seven-pion
final-state production in the e+e− collision for the phase-space model, and
for the models with the intermediate 2(pi+pi−)η and 2(pi+pi−)ω states. In
our model the 2(pi+pi−)η intermediate state is described as the ρ(1450)η pro-
duction with the ρ(1450) decay either to four pions in the P-wave or to
the a1(1260)pi state. The 2(pi
+pi−)ω state is modeled as production of the
f0(1370)ω state, followed by four pions from the f0(1370) decay in the S-wave.
To obtain the detection efficiency, we simulate seven-pion production in
the primary generators, pass simulated events through the CMD-3 detec-
tor using the GEANT4 [16] package, and reconstruct them with the same
reconstruction software as experimental data. We calculate the detection ef-
ficiency from the MC-simulated events as a ratio of events after the selections
described in Secs. 2,3 to the total number of generated events.
Figure 3(b) shows the detection efficiency obtained for the 2(pi+pi−)ω
(squares) and for the 2(pi+pi−)η (circles) intermediate states when the num-
ber of signal events is obtained from the fit of the ∆E peak of Fig. 2(b).
Due to the difference in the angular and momentum distributions of the pi-
ons, the efficiency for the 2(pi+pi−)η intermediate state is lower compared to
the 2(pi+pi−)ω model: about 10% and 13%, respectively. Variations of the
dynamics or resonance parameters inside the initial “vector-pseudo-scalar”
state for the 2(pi+pi−)η production, and inside the “scalar-vector” state for
the 2(pi+pi−)ω production do not change the obtained detection efficiency by
more than 3–5%.
If we determine the number of the MC-simulated events using the η and
ω peaks from the histogram similarly to that in Fig. 3(a), the detection
efficiency decreases additionally by 20–40% due to the |∆E| < 60 MeV re-
quirement. These efficiencies are shown in Fig. 3(b) by triangles and up-down
triangles for the 2(pi+pi−)η and 2(pi+pi−)ω states, respectively.
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5. Cross section calculation
In each energy interval the cross section is calculated as
σ =
N
L ·  · (1 + δ) ,
where N is the number of signal events, L is the integrated luminosity for
this energy interval,  is the detection efficiency, and (1 + δ) is the radiative
correction calculated according to Ref. [19, 20]. To calculate the radiative
correction, we use BaBar data for the e+e− → 2(pi+pi−)η reaction [1] as a first
approximation, and obtain (1+δ) = 0.92 with very weak energy dependence.
We calculate the cross sections for the e+e− → 2(pi+pi−)η and e+e− →
2(pi+pi−)ω reactions using the efficiencies shown by triangles and up-down tri-
angles in Fig. 3(b), respectively. These cross sections are shown in Fig. 4(a,b):
the branching fractions of the η → pi+pi−pi0 and ω → pi+pi−pi0 decays are
taken into account using values from Ref. [21]. We observe relatively good
agreement with the BaBar measurement of the e+e− → 2(pi+pi−)η reaction,
while no other measurements exist for the e+e− → 2(pi+pi−)ω cross section.
As mentioned in Secs. 2,3, the total number of 3(pi+pi−)pi0 events is about
32% larger than the sum of the individual channels with the η and ω in-
termediate states. This difference is almost eliminated after taking into ac-
count the difference in the efficiency obtained by the fit of ∆E or by the
fit of the η and ω signals where cut |∆E < 60| MeV is applied: the av-
erage ratios are about 1.35–1.37 for both channels. The obtained number
Neff = ((280 ± 36) + (204 ± 37)) · 1.36 = 658 ± 70 is consistent with the
total number of the 3(pi+pi−)pi0 events (632 ± 32) within the statistical un-
certainty. We come to the conclusion that the inclusive e+e− → 3(pi+pi−)pi0
cross section is completely dominated by the sum of the two intermediate
states within the measured accuracy.
To calculate the inclusive cross section for the e+e− → 3(pi+pi−)pi0 reac-
tion, we average the efficiencies in Fig. 3(b) for the η and ω intermediate
states with the weight corresponding to the ratio of the corrected number of
the events: the 2(pi+pi−)η efficiency is taken with the 1.18 weight value. The
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resulting cross section is shown in Fig. 5 by circles. We assign an additional
15% uncertainty due to statistical fluctuations of the ratio.
For comparison, we show in Fig. 5 the contribution from the e+e− →
2(pi+pi−)η and e+e− → 2(pi+pi−)ω reactions by triangles and open circles,
respectively: only decays of η and ω to three pions are taken. The e+e− →
pi+pi−η′(958) reaction, reported in Ref. [1], contributes about 0.1 nb to the
total cross section at Ec.m. = 2.0 GeV, but the decay rate of η
′(958) →
2(pi+pi−)η → 3(pi+pi−)pi0 to the studied final state reduces the visible cross
section to 0.01 nb, what is less than a sensitivity of our experiment.
The integrated luminosity, the number of the seven-pion events, the num-
ber of events for the 2(pi+pi−)η and 2(pi+pi−)ω intermediate states, and ob-
tained cross sections for each energy interval are listed in Table 1.
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Figure 4: (a) The e+e− → 2(pi+pi−)η cross section measured with the CMD-3 detector
at VEPP-2000 (circles). The results of the BaBar measurement [1] are shown by open
circles. (b) The e+e− → 2(pi+pi−)ω cross section measured with the CMD-3 detector at
VEPP-2000.
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Figure 5: The e+e− → 3(pi+pi−)pi0 cross section measured with the CMD-3 detector at
VEPP-2000 (dots). The contribution from the e+e− → 2(pi+pi−)η and e+e− → 2(pi+pi−)ω
reactions are shown by triangles and open circles, respectively.
6. Systematic uncertainties
The following sources of systematic uncertainties are considered.
• The tracking efficiency was studied in detail in our previous papers [17,
18], and the correction for the track reconstruction efficiency compared
to the MC simulation is about 1.5±1.0% per track: the MC-simulated
detection efficiency is corrected by -6% while 3% is taken as the corre-
sponding systematic uncertainty.
• The model dependence of the acceptance is determined using the com-
parison of efficiencies calculated for the different production dynamics
for e+e− → 2(pi+pi−)η and the e+e− → 2(pi+pi−)ω reactions. It is esti-
mated as 3-5%.
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• Since only one charged track is sufficient for a trigger (98-99% effi-
ciency), we assume that for the multitrack events considered in this
analysis the trigger inefficiency gives a negligible contribution to the
systematic uncertainty.
• A systematic uncertainty due to the selection criteria is studied by
varying the requirements described above and doesn’t exceed 5%.
• The uncertainty on the determination of the integrated luminosity
comes from the selection criteria of Bhabha events, radiative correc-
tions and calibrations of DC and CsI and does not exceed 1% [15].
• The uncertainty in the background subtraction is studied by the vari-
ation of the functions used for the background description in the fit,
shown in Fig. 2(b) and is estimated as 10% (15% for Ec.m. = 2.0 GeV).
• The radiative correction uncertainty is estimated as about 2%, mainly
due to the uncertainty on the maximum allowed energy of the emitted
photon, as well as from the uncertainty on the cross section.
• For the inclusive e+e− → 3(pi+pi−)pi0 cross section we introduce an
additional 15% systematic uncertainty due to the difference in the effi-
ciency for the 2(pi+pi−)η and 2(pi+pi−)ω intermediate states.
The above systematic uncertainties summed in quadrature give an overall
systematic error of about 13%, increasing to 20% for the inclusive cross
section.
Conclusion
The total cross section of the process e+e− → 3(pi+pi−)pi0 has been
measured for the first time using 56.7 pb−1 of integrated luminosity collected
by the CMD-3 detector at the VEPP-2000 e+e− collider in the 1.6-2.0 GeV
c.m. energy range. From our study we can conclude that the observed cross
section can be described by the e+e− → 2(pi+pi−)η and the e+e− → 2(pi+pi−)ω
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Table 1: Energy interval, integrated luminosity, number of signal seven-pion events and
obtained cross sections for the e+e− → 3(pi+pi−)pi0, e+e− → 2(pi+pi−)η, and e+e− →
2(pi+pi−)ω reactions. Only statistical uncertainties are shown.
Ec.m., MeV L, nb
−1 N6pipi0 N4piη N4piω σ6pipi0 , nb σ4piη, nb σ4piω, nb
2007.0±0.5 4259 95±12 36±17 45±16 0.23±0.03 0.59±0.29 0.12±0.04
1980±1 2368 53±10 36±9 17±10 0.24±0.04 1.10±0.27 0.08±0.05
1940–1962 4631 84±11 55±11 15±14 0.18±0.02 0.90±0.19 0.033±0.032
1890–1925 5497 105±14 30±14 20±15 0.19±0.02 0.40±0.19 0.040±0.029
1870–1884 16803 171±15 67±19 49±16 0.105±0.009 0.29±0.08 0.033±0.011
1800–1860 8287 83±13 27±12 35±16 0.102±0.016 0.24±0.10 0.047±0.021
1700–1775 7589 39±9 14±8 23±10 0.054±0.012 0.11±0.06 0.033±0.015
1600–1680 7299 12±6 15±7 1±3 0.017±0.008 0.10±0.05 0.002±0.005
reactions. The measured cross section for the e+e− → 2(pi+pi−)η reaction is
in good agreement with the only available measurement by BaBar [1].
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